a Calix[4]azulene 1 is shown to be an effective molecular receptor for tetraalkylammonium halide and BF4
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Introduction
In 2002 Due to the resemblance of 1 to calix[4]arenes 2 the potential for molecular recognition studies with these compounds is an obvious one and due to our own on-going interest in the supramolecular complexation properties of such deep-cavity containing molecular receptors/ 3a-d We report here our findings with respect to a supramolecular host-guest complexation study of 1 with, in particular, tetraalkylammonium halides and tetrafluroborate salts. A global analytical fitting 4a,b was used to determine the binding or association constants from UV-vis titration experiments. During the course of our investigations, crystals of calix[4]azulene from benzene solution were obtained which permitted an X-ray structural determination. 5 Concurrently, a DFT (Density Functional Theory) 6 computational study was also conducted on both 1 and its complexes.
Results and discussion
In connection with our on-going studies of the supramolecular complexation properties of macrocyclic compounds, we were interested in evaluating those of 1. Our own studies have included the supramolecular binding, or complexation, of tetraalkylammonium salts with various macrocyclic cavitands.
3a-d
Calix[4]azulene, on the other hand, is a hydrocarbon compound which among other significant differences, and when compared with other macrocyclic compounds which we have studied, has no heteroatoms in its structure. We were therefore interested in seeing whether this would affect the molecular receptor or binding properties of calix 
UV-vis absorption studies
The UV-vis titration behaviour of 1 with tetramethylammonium halides (TMAX, X=Cl − , Br − and I − ) could be followed despite the solubility limitations posed by both calixazulene and the TMAX salts. This was achieved using 10-cm pathlength cells in a thermostated dual-beam spectrophotometer. Addition of aliquots of the respective TMAX salts to solutions of 1 (4.8 × 10 -5 M) resulted in a quenching of the spectra of 1 in the range of 525-700 nm. Although these quenching changes were small, they were sufficient to allow the resulting K assoc values to be determined. Each of the individual full spectra that were obtained from duplicate titrations were subjected to a non-linear 1:1 global fit analysis. 4b Average K assoc ± average symptotic "fitting" uncertainty (ASFU) values of 7400 ± 0.44%, 3820 ± 1.3% and 2840 ± 1.2% M −1 respectively, for
TMACl, TMABr and TMAI were obtained. The trend in K assoc values between these halides is consistent with those seen in other instances. 3a-d The global analysis approach provides a more accurate description of the equilibria involved since it avoids the manipulation of the actual experimental data to effect linear transformations of non-linear phenomena, and also that quality-offit parameters are also generated. The limitations of the classical double-reciprocal Benesi-Hildebrand treatment 11 has been welldocumented by others, including ourselves.
4,12
To evaluate the potential effects of other larger tetraalkylammonium groups, the effects of higher homologues of TMAX, namely those of the corresponding tetraethyl and tetra-nbutylammonium salts were examined where possible. Solubility problems encountered with these higher tetraalkylammonium halide homologues, were averted by comparing TMABF 4 with tetraethylammonium tetrafluoroborate (TEABF 4 ), and tetra-nbutylammonium tetrafluoroborate (TBABF 4 ) since these salts had higher solubilities in the 9:1 (v/v) CHCl 3 :CH 3 OH mixed solvent which was the solvent used for all of the UV-vis titrations. The resulting K assoc values are shown in Table 1 , Entries 4-6. The trend observed, namely TMABF 4 >TEABF 4 >TBABF 4 is consistent with the DFT calculations shown in Table 3 . 
DFT calculation details
The use of DFT has become increasingly commonplace in organic chemistry 6, 13 and among supramolecular chemists in particular. In this work we modeled complexation of the TMA halides and TMABF 4 TEABF 4 , TBABF 4 "guests" with the calixazulene host in the gas phase as well as in chloroform solution. All of the DFT calculations were conducted with the Gaussian-09 rev D.01 code. combined, deliver much improved performance for thermodynamics and structure optimization. The effect is most pronounced for host-guest complexes such as were studied in our work where the interactions are dominated by non-bonded terms. 22 The standard 6-31G(d) basis set 23 was used for all the atoms. This basis set is small by modern standards but we chose to use it due to the relatively large size of our systems. It was shown that larger basis sets including diffuse functions cause basis set overcompleteness problems for condensed hydrocarbons. In agreement with Fry 24 we found that the 6-31G(d) basis set was not Tables 2 and 3 .
Free calixazulene
When the coordinates of the free calixazulene from the X-ray structure were subjected to both gas-phase and chloroformcorrected geometry-optimization with either the B3LYP/6-31G(d) or ωB97xD/6-31G(d), the resulting minimized conformer from B3LYP was similar to that of the X-ray structure (Figure 3a ). However, with ωB97xD the conformer (Figure 3b) , is closer to a Cs-symmetrical "flattened" 1,3-alternate conformer. 2b A C 2v -chair and a C 2v -1,3-alternate conformer were also found, but had higher energies 2. The relative energies of the conformers are provided in Table 2 . Inclusion of chloroform solvation does not affect the relative energies of the conformers it can be seen that for B3LYP/6-31G(d) the energy difference between the three studied conformers is negligible, while ωB97xD/6-31G(d) has a marked preference for the Cs-symmetrical flattened" 1,3-alternate conformer, which can be understood by favourable intra-molecular dispersion interaction between the parallel azulene rings in the isolated molecule. These interactions are absent in B3LYP but are included in the ωB97xD functional. The experimentally observed structure shown in Figure  2 (a) is probably a result of crystal packing forces. In Table 2 , the most stable of the conformers for each of the density functionals were used to compute the "binding" energies of the complexes shown. In one case (shown in Table 2 by the entry marked as C s *) where the ωB97xD/6-31G(d) geometry-optimized C 2v -1,3-alternate conformer from the gas phase was subjected to the ωB97xD/6-31G(d) geometry-optimization with the chloroform PCM the resulting conformer was the same as C s -symmetry.
Calixazulene complexes with trialkylammonium halides and tetrafluoroborates
With all three of the 1:1 calix[4]azulene:TMA halide complexes their geometry-optimized conformers were found to exist with two potential energy surface minima: 1,3-alternate (shown in Figures  4a-b) and partial cone (Figure 4c) . The B3LYP/6-31G(d) method initially found only the 1,3-alternate structures for all three halides; however, according to results from the ωB97xD functionals, this structure is more stable for TMACl and TMABr, while for TMAI, a partial cone conformer is preferred by 12.3 kJ/mol. For the tetraalkylammonium tetrafluoroborate salts (TMABF 4 , TEABF 4 , TBABF 4 ) geometry optimizations converged to the partial cone for Table 3 . BE (kJ/mol) of tetralakylammonium salts from geometry-optimized (lowest energy) gas-phase and chloroform-solvated calculations. For the halides and BF 4 − , inclusion of the solvation effects does not change the trends but decreases the BEs uniformly; this is as it should be due to the relative stabilization of the isolated guest which is more polar. The B3LYP density functional predicts significantly weaker binding energies for missing dispersion interactions. Moreover, it does not reveal much difference in binding between the three TMA halide complexes. The more reliable ωB97xD functional predicts increases in the complexes' stability in the order of Cl − <Br − <I − which is in agreement with our experimental findings. As can be seen in Figures 5c (for TMAI) and 6a-c, in order to accommodate both the larger iodide and tetrafluoroborate anion and the larger tetraalkylammonium groups the conformations of the complexes are no longer 1,3-alternate. For the TMAI, TMABF 4 and TEABF 4 complexes, partial-cone ("paco") conformers are adopted and for the TBABF 4 complex, a near-boatlike conformer as shown in Figure 4 for the calix[4]azulene host, is formed. The binding energy trends for the tetrafluoroborate salts TMABF 4 > TEABF 4 > TBABF 4 did parallel the trend seen with the corresponding binding constants which were observed (Table 1) . To possibly account for the trends in the BEs of the 1:1 complex formation in these salts, there is presumably a greater degree of entropic loss incurred in forming the complexes as the free rotations within the larger alkyl group chains become restricted within the complex. 
